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I.  INTRODUCTION 


High  performance  solid  propellant  fueled  rocket  motors  re- 
quire burning  rate  stabilizers  to  achieve  fast  burn  rates.  Presently, 
n-hexylcarborane  (NHC)  is  considered  to  be  one  of  the  most  suitable 
burning  rate  modifiers  for  solid  propellant  fuels.  Its  production  in- 
volves reacting  1-octyne  with  decaborane-14.  The  price  and  quantity 
limiting  factor  in  the  supply  of  NHC  is  the  lack  of  an  industrial  pro- 
cess for  synthesizing  large  quantities  of  decaborane  inexpensively. 

Thermal  (pyrolysis)  methods  of  influencing  chemical  process- 
es lead,  mainly,  to  the  excitation  of  all  degrees  of  freedom  of  the 
molecule.  Both  external  (translational)  and  internal  (electronic, 
vibrational,  and  rotational)  degrees  of  freedom  are  usually  in  thermo- 
dynamic equilibrium.  In  addition  to  there  being  an  unproductive  waste 
of  energy,  reactions  with  equilibrium  excited  molecules  characteris- 
tically proceed  in  the  direction  of  breaking  the  weakest  bond,  have  a 
considerable  percent  of  back  reaction,  many  side  reactions,  and  pro- 
duce polymers. 

A new  approach  to  the  problem  of  chemical  conversions  of 
substances  would  be  to  consider  the  possibility  of  influencing  not  a 
molecule  as  a whole,  but  its  individual  bonds.  Such  a method  of  se- 
lective excitation  can  be  realized  by  means  of  lasers  (1-5). 

The  recent  development  of  high-power  infrared  lasers  has 
promoted  a number  of  studies  dealing  with  the  interaction  of  this  in- 
tense radiation  with  organic  and  inorganic  substrates.  The  often 
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selective  character  of  the  excitation,  which  can  lead  to  isotope  en- 
richment (6),  and  other  unique  features  of  this  new  type  of  photo- 
chemistry (7,8)  have  already  been  recognized  and  are  attracting  con- 
siderable interest.  Earlier  research  in  this  laboratory  using  laser 
photochemistry  to  remove  the  trace  impurity  C0Ct2  (phosgene)  from 
boron  trichloride,  BC£3  photosentized  experiments,  etc.  (9)  encour- 
aged us  to  investigate  the  production  of  decaborane-14  from  diborane. 

Laser  augmented  chemistry  of  the  following  reaction  leading 
to  the  production  of  solid  decaborane-14  has  been  demonstrated: 

10  B2Hg  + nhv  ^ ^10^14  ^ ^5^9  •*■^1^2  ’ 

where  hy  can  be  either  the  COz  (00°1)  - (10°0),  R24,  (978  cm~^)  or 

the  OF  (1-0)  Pi2.  (2611  cm-1)  laser  frequency. 

II.  EXPERIMENTAL 

To  avoid  handling  and  storing  the  usual  large  (1  lb.)  com- 
mercial quantities  of  B2H5  we  used  a 1%  gaseous  mixture  of  B2H^  in  Ar 

supplied  by  the  Linde  Corporation.  Immediately  prior  to  irradiation, 
the  B2Hg  was  recovered  from  Ar  by  passing  the  mixture  into  a conden- 
ser cooled  to  - 1860C  by  an  external  bath  of  liquid  Ar.  A quantity 
of  BpHfi  sufficient  for  several  irradiations  was  thus  collected  as  a 
solid  (F.  P.  = -1260C)  while  the  remaining  Ar  gas  was  pumped  out  of 
the  system.  Filling  of  cells  and  temporary  storage  of  collected  B2H6 
was  facilitated  by  transferring  the  6285  from  the  condenser  to  a cold 
storage  bulb  by  allowing  the  condenser  to  warm  up  to  ambient  tempera- 
ture. A cell  was  then  filled  by  connecting  it  through  a valve  and 
quick  disconnect  fitting  to  the  vacuum  system  and  adjusting  the  stor- 
age bulb  temperature  to  obtain  the  desired  cell  pressure.  Typically 
brass  or  stainless  steel  cells  10  cm  in  length  fitted  with  3 cm  diam- 
eter windows  of  NaCil,  KC£,  or  KBr  were  used.  The  infrared  spectrum 
(Figure  1)  of  the  diborane  did  not  reveal  the  presence  of  any  im- 
purities. 


CO?  laser  irradiation  was  accomplished  with  both  a CW  grat- 
ing tunable  laser  and  a pulsed  multigas  tunable  laser.  The  OF  laser 
Irradiation  was  accomplished  with  a 1 kW  pulsed  chemical  laser  by 
"Fresnelling  off"  10-20  Watts.  After  irradiation  for  a given  period 
of  time  and  at  varying  powers  the  spectra  of  static  products  were  ob- 
tained using  both  a Beckman  IRS  spectrometer  and  a DIGILAB  FTS-20B 
Fast  Fourier  T»'ansform  Spectrometer. 
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Figure  1 . IR  SPECTRUM  OF  GASEOUS  BjHg 
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III.  RESULTS 


Low  Power  COo 


Irradiation  of 


Resulting  in  the  Formation 


During  irradiations  with  a CW  CO2  laser  operating  at  wave- 
lengths in  the  975  cm"'  band  of  B2H6,  Figure  2,  we  observed  that  white 
crystals  formed  along  the  gas  cell  walls  when  the  power  density  of  the 
laser  did  not  exceed  a constant  threshold  of  10  W/cm2.  Figure  3 is  a 
photograph  of  crystals  formed  during  a 30  minute  irradiation  of  400 
Torr  of  B2H6  with  the  R24  laser  line,  which  represents  the  optimum 
conditions  found  within  the  range  of  10  to  800  Torr  pressure  of  B2H6 
at  the  attainable  wavelengths  indicated  in  Figure  2. 
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Fiqure  2.  The  (975  cm”^)  Fundamental  Vibrational  Band  of 
B2Hg  Showing  the  Region  Irradiated  with  the  (P28"^4^ 
and  (R4-R20^  Lines  of  the  CO2  Laser. 


In  addition  to  white  crystals  the  IR  spectrum  taken  after 
Irradiation,  Figure  4 showed  the  presence  of  BcHg  with  characteris- 
tic absorption  peaks  at  900,  1040,  1120,  1400,  1620,  and  1800  cm"'. 


Prior  to  analysis,  the  crystals  were  removed  from  the  cell 
by  dissolving  in  MCH  (methylcyclohexane)  and  later  recrystallzed  In 
a controlled  atmosphere  dry  box.  Typically,  10  mg  quantities  were 
recovered  after  a 30  minute  irradiation.  A melting  point  determi- 
nation revealed  the  crystals  melt  at  960C.  This  together  with  the 
IR  spectrum  of  the  material  In  a NUJOL  mull  (Figure  5)  showed  the 
crystals  to  be  pure  R]qH^4* 
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Figure  3.  Crystals  Formed  when  400  Torr  of  B^Hg  was 

Irradiated  with  the  975  cm*^  Frequency  of  a 10  W CO2  Laser. 


Characteristic  absorption  peaks  occur  at  1950,  1900, 

1520,  1020,  and  720  cm“^  as  shown  In  an  absorption  spectrum  of  com- 
mercial B,«H,.  in  NUJOL  mull.  Figure  6.  The  characteristic  BH 
10  14  ^ 

stretching  band  Is  at  2600  cm  . 

High  Power  CO^  CW  Irradiations  of  B^Hg  Resulting  In  the 
Formation  of  Polymers 

When  the  power  density  of  Incident  laser  radiation  exceed- 
ed 10  W/cm2,  yellow  or  white  colored  particulates  were  formed  immedi- 
ately upon  exposure  of  B2Hg  to  the  radiation.  Melting  point  determi- 
nation showed  the  M.P.  to  exceed  300°C  and  the  powder  thus  formed  was 
Insoluable  In  pentane  and  CCt^. 
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Infrared  spectra  of  the  powder  in  KBr  pellet  gave  broad 
band  peaks  at  3225,  2525,  1450,  1200  and  875  cm"l . The  mineral  oil 
bands  were  observed  at  3210,  2540,  1620,  1490,  1410,  1200,  830,  660, 
and  550  cm”\  (Figure  7). 

A further  increase  in  intensity  reaches  a threshold  where  a 
yellow-white  smoke  appears  at  the  entrance  window  and  immediately  in- 
side it,  and  a yellow-white  powder  is  deposited  on  the  walls  and 
throughout  the  cell.  The  intensity  of  the  threshold  for  the  produc- 
tion of  this  yellow-white  powder  is  just  above  the  intensity  for  the 
most  efficient  production  of  the  decaborane  crystals  without  the  pow- 
der. It  should  be  noted  that  the  decaborane  crystals  are  also  pro- 
duced when  the  powder  is  produced,  but  they  are  contaminated  with  the 
powder. 

The  thresholds  for  the  production  of  decaborane  and  the  pow- 
der were  measured  as  a function  of  frequency.  Measurements  from  the 
P2Q  and  P40  to  the  R34  showed  very  little  variation  of  these  thres- 
holds with  frequency. 


Figure  7.  Spectrum  of  the  Polymer  Formed  Dissolved  in  Mineral  Oil, 
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DF  Laser  Irradiations  of  Resulting  in  the  Formation 

7ms — n ^ 


When  B2HC  (10  Torr  in  a 10  cm  by  3 cm  gas  cell)  was  irradi- 
ated with  the  P12  (1*0  band)  DF  laser  frequency  (2614  cm-1),  clear 


crystals  were  deposited  on  the  cell  walls.  The  power  diverted  into 
the  cell  from  the  one  kW  laser  beam  was  13  Watts.  The  DF  laser  was 
a large  pulsed  (13  second  duration)  chemical  laser  and  the  target 
(cell)  was  placed  some  100  yards  from  the  laser.  The  laser  beam  en- 
tering the  cell  was  a collimated  beam  one  inch  in  diameter  so  that 
most  of  the  volume  of  the  cell  was  illuminated.  The  temperature  rise 
of  the  cell  wall  was  negligible  (less  than  50C). 


The  spectrum  of  the  cell  contents  revealed  that  the  pro- 
ducts observed  were  B5H9  (gas)  and  B]oHi4  (solid)  (Figures  8 and  9). 
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LOW  RESOLUTION  IR  SPECTRUM  OF  THE  Bg  Hg  PRODUCT  FROM  DF  LASER  IRRADIATED  BjHg 

Figure  8 
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2400  cm”’ 


LOW  RESOLUTION  NUJOL  MULL  SPECTRUM  OF  PRODUCT  FROM  OF  LASER  IRRADIATED  BjHg 

Figure  9 


The  production  of  decaborane-14  from  diborane  by  laser  in* 
duced  chemistry  (LIC)  (Equation  1)  represents  the  first  reported  ex- 
ample of  the  synthesis  of  a large  polyatomic  molecule  by  LIC.  We 
were  unable  to  produce  any  decaborane-14  efficiently  and  of  high  puri- 
ty using  pulsed  CO^  laser  excitation. 

IV.  DISCUSSION 

From  infrared  and  electron-diffraction  evidence,  diborane  is 
known  to  have  the  bridge  structure  (10,  11)  belonging  to  the  point 
group  D2h.  with  a four  membered  B2H2  ring  in  a plane  perpendicular  to 
the  four  terminal  hydrogen  atoms.  The  two  fundamental  vibrational 
frequencies  that  are  resonant  with  the  CO2  and  DF  lasers  are  shown 
schematically  along  with  their  assignments  and  measured  line  positions 
in  Figure  10. 

The  infrared  spectrum  of  diborane,  Figure  1 , shows  the  vi- 
brational bands  that  are  resonant  with  the  CO2,  OF  and  HF  laser  fre- 
quencies. We  have  demonstrated  the  production  of  decaborane-14  using 
both  the  COo  and  DF  laser  frequencies.  Diborane  is  mildly  endotherm- 
ic and  the  bridge  bonds'  force  constant  is  about  one-half  as  large  as 
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that  of  the  terminal  hydrogen  bonds.  Yet  there  is  substantial  evi- 
dence that  the  initial  reaction  with  diborane  may  be  the  breaking  of 
the  B-H  (terminal  hydrogen)  bond. 

The  mercury-photosentized  decomposition  of  diborane  has  been 
explained  by  postulating  B2H5  as  the  primary  intermediate,  B-H  rup- 
tures being  common  in  this  type  reaction  (12).  In  isotope  exchange 
studies,  particularly  deuterium,  it  is  always  the  terminal  hydrogen 
that  is  exchanged  and  not  the  bridged  hydrogens.  This  is  especially 
true  for  the  higher  boranes. 

Many  thermal  studies  have  been  conducted  on  diborane  (13,14). 
The  primary  intermediate  BH3  has  been  postulated  in  these  studies  to 
account  for  BsHn  and  other  boranes  containing  odd  numbered  boron 
atoms,  and  the  dependency  of  the  rate  of  product  formation  common  to 
these  reactions  being  of  i.  one-half  or  three-halves  power  of  the 
diborane  concentration.  However,  no  direct  observance  has  yet  been 
reported  for  BH3.  Another  postulated  mechanism  is  the  molecular  83 
elimination  from  B2H5  as  the  primary  photodissociation  step  giving 
B2H4  + H2.  Evidence  for  this  consists  of  the  large  formation  rate  of 
H2  (greater  than  the  B2H5  formation  rate)  when  low  pressures  of  B2H5 
are  pyrolyzed  in  a hot-cold  reactor  (the  inner  cylindrical  surface  is 
lOOoC  while  the  outer  surface  is  maintained  at  a much  colder  tempera- 
ture), 90%  of  the  product  is  observed  to  be  B4Hto  (B2H5  + B2H4). 


Considering  the 

above  the  following  reactions 

are  reasonable; 

B^Hg  - 

hv  ^ 

2BH3 

(2) 

■ 

hv 

B2H5  ^ H 

(3) 

B2»6  - 

hv 

B2H4  + H2 

(4) 

BjH,  ♦BjHj  - 

— ®4«10 

(5) 

2B2H5 

i- 

B4»10 

(6) 

2 VlO 



BgHi2  + 4 Hg 

(7) 

/3 


♦MERRin,  MEYER,  GREENBERG  and  TANTON 


Vi  2 


«2»6 


®10”l4 


2 H, 


(8) 


VlO 


+ BH. 


B5H9 


2 H, 


(9) 


CONCLUSIONS 


Pure  Bio^ld  can  be  produced  in  high  yields  at  room  tempera- 
ture by  laser  induced  chemistry  (LIC).  No  polymer  (which  is  always 
present  in  pyrolysis)  was  observed  when  wo-waintainod  the  laser  power 
below  a certain  threshold  (10  W/cm2  for  the  CO2  laser).  Also,  the 
85811  product  is  always  present  in  pyrolysis;  yet  wt-never  observed 
tMs  product  in  LIC  synthesis. 

This  research  demonstrates  that  LIC  is  a new  viable  area  of 
chemistry  that  can  be  used  for  cost-effective  synthesis  of  large  poly- 
atomic molecules  as  well  as  smaller  ones.  Also,  it  demonstrates  that 
LIC  can  be  used  in  a prominent  role  for  the  synthesis  of  high  energy 
binder  molecules,  burning  rate  modifiers  and  fuel  additives  with  a 
substantial  cost-savings  ^15). 
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